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Abstract.

We studied three solar energetic particle (SEP) events observed on Au-
gust 14, 2010, November 03, 2011, and March 05, 2013 by STEREO A, B
and near-Earth (L1) spacecraft with a longitudinal distribution of particles
> 90 degree. Using a forward-modeling method combined with extreme ul-
traviolet and white-light images we determined the angular extent of the shock,
the time and location (cobpoint) of the shock intersection with the magnetic
field line connecting to each spacecraft, and compute the shock speed at the
cobpoint of each spacecraft. We then examine whether the observations of
SEPs at each spacecraft were accelerated and injected by the spatially ex-
tended shocks or whether another mechanism such as cross-field transport
is required for an alternative explanation. Our analyses results indicate that
the SEPs observed at the three spacecraft on November 03, STB and L1 on
August 14, and the March 05 SEP event at STA can be explained by the di-
rect shock acceleration. This is consistent with the observed significant anisotropies,
short time delays between particle release times and magnetic connection times,
and sharp rises in the SEP time profiles. Cross-field diffusion is the likely cause
for the August 14 SEP event observed by STA and the March 05 SEPs ob-
served by STB and L1 spacecraft, as particle observations featured weak elec-
tron aniotropies and slow rising intensity profiles. Otherwise, the wide lon-
gitudinal spread of these SEP increases would require an existence of a cir-
cumsolar shock, which may not be a correct assumption in the corona and

heliosphere.
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1. Introduction

Multi-spacecraft observations from the Solar Terrestrial Relations Observatory
(STEREO) A and B (Kaiser el al., 2008) and from near-Earth spacecraft at the La-
grange point (L1) has provided us a great opportunity to study the longitudinal extent
of solar energetic particle (SEP) events. Richardson et al. [2014] compiled a catalog of
more than 200 individual > 25 MeV solar proton events occurring during solar cycle
24. They found that there is a subset of 25 events observed by all three spacecraft (the
two STEREOs and L1 spacecraft). These large SEP events are usually associated with
fast and wide CMEs that propagated outward driving coronal shocks expanding to large
distances encompassing and wrapping around the Sun.

It was generally believed that an expanding coronal shock can cause the longitudinal
spread of SEP events of at least 100 degrees [Kallenrode et al., 1993; Cane and Erickson,
2003]. However, Cliver et al. [1995] used observations from IMP-8 and Helios 1 and 2
and found a CME driven-shock that resulted in an SEP event with a spread of ~ 150° in
longitude, implying that a coronal shock may extend up to ~ 300°. Cliver et al. [1995]
studied an extended farside (~ W180) CME event that was associated with 400 MeV pro-
tons at L1 and proposed that such a wide spread in longitude was caused by expanding
CME shocks that span up to 300-360 degrees, i.e., essentially circumsolar shocks. Recent
STEREO and the SOlar and Heliospheric Observatory (SOHO) [Domingo et al., 1995]
observations have provided more evidence of such wide SEP events [e.g. Rouillard et al.,
2012; Wiedenbeck et al., 2013; Prise et al., 2014; Richardson et al., 2014]. Using *He ion

data from STEREO and the Advanced Composition Explorer (ACE) spacecraft, Wieden-
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beck et al. [2013] found that energetic ions associated with an impulsive flare on 2010
February 7 could be observed over a wide range of ~ 136° in longitude. Rouillard et al.
[2012] and Prise et al. [2014] conducted case studies for two multi-spacecraft SEP events
caused by fast and wide CMEs on 2011 March 21 and 2011 November 03. They found that
the particle onset delays were consistent with the time needed for the coronal shock to
expand to the longitude of the magnetic foot point connected to the observing spacecraft.
On the other hand, Lario et al. [2014] and Lario et al. [2016] studied two widespread
SEP events observed on 2014 April 11 and 2014 February 25 and found that not all of
the associated EUV waves reached the footpoint of the field lines connecting each ob-
server with the Sun. They suggested that the expansion of the CME-driven shock at high
altitudes above the solar surface, instead of EUV waves, determined the SEP injection
and SEP intensity-time profiles at different longitudes. In addition, Miteva et al. [2014]
studied a greater number of SOHO Extreme ultraviolet Imaging Telescope (EIT) waves
and found that the release times of near-relativistic electrons were too early compared
to the timing of the intersection of the EIT waves and the observer’s magnetic footpoint
in many events. They also indicated that the observed weak anisotropy of the electrons
posed a problem for the idea that the SEPs were accelerated by the EIT wave, suggesting
a combination of a spatially extended shock acceleration and cross-field transport as an
alternative explanation.

In this paper, we use forward modeling with a three-dimensional (3D) flux rope (FR)
plus oblate spheroid shock model to analyze three SEP events. The three SEP events
occurred on 2010 August 14, 2011 November 03, and 2013 March 05, which are selected

based on the criterion that a significant electron anisotropy was observed by only one
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spacecraft, or two spacecraft or all three spacecraft, respectively [Dresing et al., 2014]. All
three SEP events show widespread longitudinal distribution of particles (> 90°) but with
different onset delays, intensity profiles, and electron anisotropies. By fitting the FR plus
shock model to white-light and extreme-ultraviolet (EUV) images from STEREO, SOHO
and SDO, we are able to best determine the 3D shape of the CME shock. The forward-
modeling technique constrained with multi-spacecraft observations allows us to determine
the location where the shock front intersects the magnetic field line connecting to the
observing spacecraft, also known as cobpoint (Connecting with the OBserver point), and
compute the shock speed and expansion speed at the cobpoints. We examine the angular
extent of the CME shock and its height and speed at the cobpoint of each spacecraft in
order to investigate whether the observed widespread SEP events can be explained by
the expansion of the CME-driven shock or whether an alternative explanation such as
cross-field transport is needed for the observed SEPs.

The paper is organized as follows. In section 2 we give an overview of associated
solar observations, observations of electron and proton fluxes and how we determine SEP
onset and solar particle release (SPR) times. In section 3 we introduce the forward
modeling method and present the fitting results of the CME shock. In section 4 we provide
the formalism to determine the shock height and speed at cobpoint of each observing

spacecraft. Finally, section 5 presents summary and discussion.

2. Observations

2.1. Solar Observations
In Table 1, we list the event number (column 1) and date (column 2) for the three SEPs |

and associated flare onset time and flare location (columns 3-4), CME sky-plane and space
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speeds (columns 5-6), type II and type III radio burst onset times (columns 6-7), and con-
nection angle (CA) for STEREO-A (STA), STEREO-B (STB), and near-Earth (L1) space-
craft (columns 8-10), where CA is defined as the longitudinal angular distance between
the flare location and the estimated magnetic footpoint of each spacecraft. A positive CA
denotes a SEP source to the west of the spacecraft magnetic footpoint while negative value
denotes a source to the east. The CME plane-of-sky speeds are extracted from the CDAW
halo CME list (http://cdaw.gsfc.nasa.gov/CME_list/halo/halo.html), and the met-
ric type II and type III burst data are from (http://cdaw.gsfc.nasa.gov/CME_list/
NOAA/org_events_text/) and (http://cdaw.gsfc.nasa.gov/images/wind/waves/).

Figure 1 shows longitudinal configurations of spacecraft, their magnetic footpoints and
SEP solar sources for the three events. The black arrow marks the longitude of the
SEP source, which is identified as the location of the associated flare in movies of EUV
images by the Atmospheric Imaging Assembly [AIA; Lemen et al., 2012] on the Solar
Dynamics Observatory (SDO) spacecraft and by the EUV Imager [EUVI; Wuelser et al.,
2004; Howard et al., 2008] on the STEREO spacecraft. The red, blue, and green spots
mark the locations of STA, STB, and near-Earth (L1) spacecraft (i.e., SOHO, ACE and
Wind). The colored spirals are the nominal Parker field lines connecting the spacecraft to
the Sun, which are computed using in-situ solar wind speeds measured at each spacecraft
at the onset of the SEP event, as summarized in Table 2.

The 2010 August 14 SEP event was associated with a C4.4 X-ray flare at N17TW52 at
AR11099. The observed metric type II and type III radio burst onsets occurred at 09:52
UT and 09:56 UT, respectively. It is a well-connected event for both L1 spacecraft (CA

= 4°) and STB (CA = 48°). Both the Three-dimensional Plasma and Energetic Particles

DRAFT June 30, 2017, 3:52pm DRAFT



XIE ET AL.: COMPARISON ON THREE SEP ACCELERATION X-7

instrument [3DP; Lin et al., 1995] on the Wind spacecraft and the Solar Electron Proton
Telescope [SEPT; Miiller-Mellin et al., 2008] on STB observed a significant anisotropy

with A values > 0.6 [Dresing et al., 2014], where they defined the anisotropy A as

3 () dp
S I (n) - dps

where I(p) is the intensity at a given pitch-angle direction and p is the pitch angle

(1)

consine.

The 2011 November 03 SEP event occurred behind the east-limb as viewed from the
Large Angle and Spectrometric Coronagraph (LASCO) onboard SOHO [Brueckner et al.,
1995]. The associated flare location was NO9E154 (as seen from Earth). Since the lon-
gitude of STA was ~W105 and that of STB was ~E102 away from Earth, the source
location was ~W101 and ~E52 in the STA and STB view respectively. The SEP event
is well-connected to STA (CA = 11°) but poorly-connected to both the STB and L1
spacecraft with CA > 130°. All three spacecraft (WIND, STA and STB) observed a high
anisotropy with A values > 1.6 [Gdmez-Herrero et al., 2015].

The 2013 March 05 CME occurred also behind the east-limb as seen from
SOHO/LASCO and its flare location of N10E144 was similar to the 2011 November 03
SEP event. However, since STA had drifted further away from Earth to ~W131 (STB
~E140), the source location is ~W85 and ~E04 in the STA and STB view respectively.
The CA of the SEP event was 14° for STA, 94° for STB, and 152° for the L1 spacecraft.
Again the SEP is well-connected to STA but poorly-connected to both STB and L1 space-
craft. Only STA/SEPT observed a significant anisotropy with A values > 0.6 [Dresing

et al., 2014].
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2.2. SEP Observations: Solar Particle Release Time

Time-shifting analysis (TSA) and velocity dispersion analysis (VDA) are two commonly
used methods to infer the solar particle release (SPR) time from the SEP in-situ observa-
tions at 1 AU [e.g. Krucker et al., 1999; Tylka et al., 2003; Malandraki et al., 2012; Vainio
et al., 2013]. The TSA computes the SPR time by shifting the onset time by the particle
travel time along the nominal Parker spiral field line: tspgr = tonset — [/v, where [ is the
nominal path length from the Sun to the spacecraft and v is the particle speed. The result
of TSA represents the latest possible release of SEPs. It is a good approximation if the
SEPs travel nearly scatter free at nearly zero pitch angle along the magnetic field line. In
this study we used the VDA method to estimate the release time of SEPs.

The VDA infers the particle release time and the travel path length based on the
assumption that particles at all energies are released simultaneously and travel the same
path length. The particle arrival time at 1 AU is given by:

min

tonset(E) = to + 8.33EL(E)6’1(E) (2)

where tynse:(F) is the onset time in minutes observed at the energy E, ¢, is the release
time in minutes at the Sun, L is the path length travelled by the particle in units of AU
and B7(E) = c¢/v(FE) is the inverse speed of the particles. If energetic particles travel
the same path length and are released at the same time, then a linear dispersion relation
can be obtained by plotting onset times of the particle increase versus 37! in each energy
channel. The slope and the intersection with the time axis of the linear fit yield the path

length and the particle release time at the Sun, respectively.
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The SEP onset times in all energy channels included in the VDA are estimated using
the Fixed-Onset-Level method. The Fixed-Onset-Level method identifies the onset time
as the time when the intensity rises to a certain percentage of the peak value, say, 1.0% of
the maximum event intensity. This onset level is also required to be at least 36 deviations
above the background levels in all energy channels [see details in Xie et al., 2016]. The
selected onset levels are dependent on both the details of the pre-event conditions and the
spacecraft instruments, because they cause variation of the background levels in different
SEP channels. The usage of the Fix-Onset-Level onset times allows us to avoid the
background effects [e.g. Lintunen and Vainio, 2004; Laitinen et al., 2010] introduced by
varying background levels in different VDA energy channels. Although the obtained VDA
path lengths increase as the onset levels increase, Xie et al. [2016] showed that the VDA
release times remain roughly the same within an uncertainty of ~10 min for different
onset levels.

Figure 2 first row shows the electron fluxes for the 2010 August 14 event: (a) 5-min
average electron intensity in the 50-115 keV energy channels from STB/SEPT, (b) 5-
min average electron intensity in the 27-180 keV energy channels from Wind/3DP and
(c) 30-min average electron intensity in the 50-95 keV energy channels from STA /SEPT
pointing towards the solar direction. Note that in the figure, for weak SEPs observed at
STA /SEPT, we used longer time averages (30 min) to improve the statistics at the expense
of losing time resolution. Similar longer time averages were used for STA /LET proton data
on 2010 August 14, WIND/3DP electron data, STB/HET proton data and SOHO/ERNE
proton data on 2013 March 5. The red vertical dashed line in the plot marks the onset

time of the associated type III radio burst. As expected, the particle event was the most
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intense with the earliest onset at the best-connected Wind spacecraft. The STB/SEPT
intensity was around one order of magnitude lower than the Wind/3DP intensity, and
the STA/SEPT intensity was around two orders of magnitude lower with a slow rise,
making the onset times ill-defined due to a low signal-to-noise ratio. In order to improve
the counting statistics, longer time (30-min) periods were used in calculating the average
STA/SEPT intensities. Figure 2 second row shows: (d) 10-min average proton intensity
in the 4.25-9 MeV energy channels from the Low Energy Telescope [LET; Mewaldt et al.,
2008] on STB, (e) 5-min average proton intensity in the 15.4-72 MeV energy channels from
the Energetic and Relativistic Nuclei and Electron instrument [ERNE; Torsti et al., 1995]
on SOHO, and (f) 30-min average proton intensity in the 4.25-9 MeV energy channels
from STA/LET. The third row of Figure 2 shows the VDA results for the three spacecraft
where onset levels of 1%, 2% and 60% were used for Wind/3DP, STB and STA/SEPT
electron data, and 1%, 1.2% and 5.5% for SOHO/ERNE, STB and STA /LET proton data,
respectively. No high-energy contamination was found in this event due to a relatively
weak SEP intensity in the higher energy channels.

Figure 3 first row shows the electron fluxes for the 2011 November 03 event: (a) 10-min
average electron intensity in the 50-240 keV energy channels from STB/SEPT, (b) 10-
min average electron intensity in the 39-513 keV energy channels from Wind/3DP and
(c) 5-min average electron intensity in the 50-240 keV energy channels from STA/SEPT
pointing towards the solar direction. The red vertical dashed line in the plot marks the
onset time of the associated type III radio burst. The particle event was the most intense
with an abrupt increase at the best-connected STA. The STB/SEPT intensity was around

one order of magnitude lower than the STA/SEPT intensity, and the intensity had a rela-
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tively sharp increase. WIND/3DP measured a similar intensity as STB/SEPT but with a
slower rise. Figure 3 second row shows: (d) 10-min average proton intensity in the 14.4—
50 MeV energy channels from the High Energy Telescope [HET; von Rosenvinge et al.,
2008] on STB, (e) 10-min average proton intensity in the 25.3-50.4 MeV energy channels
from The Energetic Particles: Acceleration, Composition, and Transport [EPACT; von
Rosenvinge et al., 1995] on the Wind spacecraft, and (f) 5-min average proton intensity
in the 14.4-50 MeV energy channels from STA/HET. Note that because the SOHO’s
roll angle at this time is 180°, it is possible that SOHO/ERNE missed the first arriving
particles. Therefore we used proton data from WIND/EPACT instead of SOHO/ERNE
data. The third row of Figure 3 shows the VDA results for the three spacecraft where
onset levels of 0.5%, 10% and 10% were used for STA and STB SEPT, and Wind/3DP,
and 0.5%, 12% and 15% for STA and STB HET, and Wind/EPACT, respectively.
Finally, Figure 4 first row shows the electron fluxes for the 2013 March 05 event: (a)
5-min average electron intensity in the 50-275 keV energy channels from STB/SEPT, (b)
30-min average electron intensity in the 39-513 keV energy channels from Wind/3DP and
(c) 5-min average electron intensity in the 50-275 keV energy channels from STA /SEPT
pointing towards the solar direction. The red vertical dashed line in the plot marks the
onset time of the associated type III radio burst. Again, the best-connected STA observed
the most intense and abrupt increase of SEPs. The maximum intensity of STB/SEPT was
two orders of magnitude below that of STA/SEPT, and the rate of the intensity increase
was slower. The WIND/3DP intensity was the lowest (~ three order of magnitude weaker)
with the slowest rise. Figure 4 second row shows: (d) 30-min average proton intensity in

the 14.4-50 MeV energy channels from STB/HET, (e) 30-min average proton intensity
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in the 15.4-57.4 MeV energy channels from SOHO/ERNE, and (f) 5-min average proton
intensity in the 14.4-80 MeV energy channels from STA/HET. The third row of Figure 4
shows the VDA results for the three spacecraft where onset levels of 0.5%, 5% and 15%
were used for STA and STB SEPT, and Wind/3DP, and 0.5%, 5% and 10% for STA and
STB HET, and SOHO/ERNE, respectively.

Table 3 summarizes the energetic electron and proton release times at three spacecraft,
where 8.33 minutes have been added to the release times in order to directly compare

with electromagnetic emission onsets.

3. CME-shock Front Fitting

We use a forward-modeling technique with a graduated cylindrical shell (GCS) flux-rope
model [ Thernisien et al., 2009, 2011] plus an oblate spheroid model to fit the CME-shock.
The oblate spheroid is obtained by rotating an ellipse about its symmetry axis. The 3D
shape and the distance from the solar center of the spheroid are determined by three
parameters: semi-minor axes a, b, and the height of the spheroid center hg in units of
solar radius, or alternative by the height of the leading edge from the solar center h, the
eccentricity e = /(1 — (a/b)?), and the aspect ratio kK = b/(h — 1), where the center of
the spheroid hg = h — a, which can be located above (below or at) the solar surface, as
shown in Figure 5. The orientation of the spheroid are determined by the longitude and
latitude of its symmetry axis.

In order to find the parameters of the spheroid model, we visually fit the spheroid
shock model to near-simultaneous STEREO and SOHO white-light coronagraph, and
STEREO and SDO/AIA EUV images. We use EUV wave signatures in the low corona

plus coronal signatures in white-light images such as wave-like disturbances and streamer
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deflections to constrain the shock model fitting. The GCS model fitting are constrained
by CME components, including bright frontal loops or three-part flux rope structures.
The forward-modeling constrained with multi-spacecraft observations allowed us to best
determine the 3D shape and location of the shock front, and compute the radial and
expansion speed of the shock.

Figure 6 presents the CME-shock forward-modeling results and the development of the
CME shock and EUV wave for the 2010 August 14 event. Following the solar eruption, a
EUV wave was visible in both SDO/AIA and STA/EUVI images. The wave in the SDO
ATA images was seen to originate close to AR11099 (N17W52) propagating eastward and
it disappeared after ~ 10:15 UT. The EUV wave in the STA EUVI images propagated
westward and expanded cospatially with the white light disturbances at the first time
frame of COR1 at 10:05 UT but diffused away before reaching the magnetic footpoint
of STA. No clear disk signature was seen in STB/EUVI images. Rows 1-3 show three
different, near-simultaneous views of the CME-shock structure with the oblate spheroid
shock model (red wireframe) and the CME flux rope model (green wireframe) superim-
posed on them at three different times during the eruption. Figure 7 plots the expansion
of the fitted shock model as a series of red circular contours superimposed on a Carrington
map of 195 A EUVI images. The contours are plotted in ~ 5° intervals of polar angle
6,, marking the projections of the shock front at varying heights on the solar disk. The
smallest circle is located in the vicinity of the shock nose with 6, ~ 5°, and the last circle
denotes the shock front near the coronal base with 8, = 0,,,4,. In the figure, the magnetic
footpoints of STA, STB and Earth (L1) are marked with red, blue, green dots, along

with the location of the CME-shock nose (yellow cross). By plotting such mapping of the
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shock front at successive times during the expansion, we are able to find the time when
the shock wave arrives at the magnetic footpoint, or the time when the widest part of the
shock intercepts with the magnetic field line connecting to each spacecraft. We define the
earliest interception time as the magnetic connection time of each spacecraft. Note that
we neglect the small difference between the cobpoint location and the magnetic footpoint
in the map, given a rotation speed of the Parker spiral field lines of about 14° per day.
The fitting results show that the propagation directions of the shock wave (and FR) was
NO03W50 (N04W50) at 09:50 UT, SO6W50 (SO6W50) at 10:15 UT, and S22W45 (S15W45)
at 10:50 UT, respectively, indicating that both the shock and CME propagated southward
from AR11099 (N17W52) during the eruption, as seen in Figure 6. Assuming the metric
type II onset at ~ 09:52 UT to be the proxy of the shock formation time, the CME shock
intersected the Parker spiral field lines connecting to Earth almost immediately (Figure 7
top panel) at a leading-edge height of ~ 2.0 R,. By interpolating the shock height at two
consecutive frames, we found that the the shock wave established the magnetic connection
with STB around 10:01 UT when the shock leading edge was ~ 2.66 R, and with the near-
Earth (L1) spacecraft around 10:37 UT at the leading edge of ~ 6.5 R;. As shown in
Figure 7 middle panel, the fitted shock front was seen to approach to the STB footpoint
at 10:00 UT, with a half width of ~ 46° at the height of ~ 2.56 R,. It expanded to the
back side and just passed the STA footpoint around 10:40 UT (bottom panel) with a half
width of ~ 104° at ~ 6.96 Ry, resulting in an average shock speed of 1283 km/s in the
leading-edge direction during its initial expanding phase from 10:10 UT to 10:40 UT and

an average lateral expansion rate of ~ 1.45° /min (297 km/s).
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For the 2011 November 03 SEP event, the associate EUV wave was only seen on the
solar disk by STB, starting at ~ 22:10 UT and disappearrng around 22:40 UT before
it reached the STB footpoint. The white-light disturbances in COR1 images appeared
to track the EUV wave expansion from 22:25 UT to 22:40 UT. The lateral expansion of
the CME slows down between 22:45 UT and 22:55 UT and the EUV wave became more
diffuse and harder to locate. Figure 8 and Figure 9 present the fitting results for the 2011
November 03 event. The fitting propagation directions for the CME-shock was NO6E151
at ~ 22:25 UT and 10:15 UT, and NO3E152 at ~ 10:55 UT, respectively, indicating a
nearly radial eruption from its farside flare source (NO9E154). Comparing to the 2010
August 14 event, the CME shock exhibited a faster expansion in the lateral direction,
as shown from STA and STB views in Figure 8. The shock half width increased from
~ 31° at 22:25 UT to ~ 148° at ~ 22:55 UT, resulting in an average expansion rate of
~ 3.9°/min (~ 794 km/s), which was ~ 2.7 times as fast as that (~ 297 km/s) in the
2010 August 14 event. The shock has passed the STA footpoint at ~ 22:25 UT, as seen in
the first panel of Figure 9, at ~ 2.01R,. It expanded rapidly to the back side and arrived
at the STB footpoint at ~ 22:52 UT, and slightly later at L1 footpoint at ~ 22:55 UT
at ~ 5.22R,. From the third panel in Figure 9, we can clearly see that the fitted shock
front reached (passed) the STB (L1) footpoint at 22:55 UT. The average shock speed from
22:25 UT to 22:55 UT was 1248 km/s, which is similar to that in the 2010 August 14
event.

Figure 10 and Figure 11 show the CME-shock fitting results for the 2013 March 05
event. For this event, the associated EUV wave was seen on the disk only in the first frame

around 03:25 UT in STEREO EUVI images. The coronal waves and large disturbances
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were clearly seen in both COR1 and COR2 white-light images and propagated all the way
towards the COR2 field of view at ~ 06:39 UT. The fitting propagation directions of the
shock (FR) was NO8E144 (N03E144) at 03:30 UT, NOSE144 (S02E144) at 03:50 UT, and
NO02E144 (S02E144) at 04:54 UT, respectively, indicating a slightly southward eruption
from its farside flare source (N10E144). The shock wave established magnetic connections
to STA, STB and L1 at ~ 03:18 UT, ~ 03:42 UT, and ~ 03:57 UT, respectively. Figure 11
show that (top) the fitted shock front already passed the STA footpoint at 03:30 UT with
a half width of ~ 57° at 2.64 R, and (middle) passed the STB footpoint and approached
the L1 footpoint at 03:55 UT with a half width of ~ 141° at 5.25 R,. In Figure 11 bottom
panel the fitted shock front is seen to pass the L1 footpoint at 04:54 UT at ~ 13.6 R, with
a half width of ~ 180°, i.e., when the shock wave had expanded all the way around the
Sun (circumsolar shock). The average radial speed of the shock during the period from
03:30 UT to 04:54 UT was 1523 km/s, which was the highest among the three events and
average lateral expansion rate was ~ 1.48°/min (~ 300 km/s), which was similar to that
in the 2010 August 14 event.

Table 4 summarizes the magnetic connection times (MCTs) of the SEP events, i.e., the
time when the shock wave established the magnetic connection with each spacecraft, and

time delays of the SEP release times relative to MCTs for the three spacecraft.

4. Heights and Speeds of the Shock at Cobpoints at SEP Release Times
If we mark the magnetic intersection cobpoint P on a shock surface by its polar coor-
dinates (R, 6,), where R, is the heliocentric distance and 6, is the polar angle from the

ellipse center, as illustrated by Figure 5.
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The shock heliocentric distance R, and speed V,, at any given point P can be computed

as a function of 6,:

R, = ,/x%—l—zg, (3)

x, =19, c08 0, + ho, 2y = 19, 8IN 0,19, = ab/\/(b cosf,)? + (asinb,)? (4)

V, = d(R,)/dt (5)

where 6, can be obtained directly from Figures 7, 9, and 11.

The shock half width is defined as:

. _1,Te,sind .
Lo s (pR—pp),lf_xpzo
") 1800 — sin (2 if o) < 0
Y

Ry
where P(R,,0,) is on the shock front that has the widest width.

By letting R, = 1.12R; and 6, = 0., , we obtain the half width of the shock EUV
imprint, i.e., when the shock front sweeps the low corona producing the EUV imprint
[Patsourakos and Vourlidas, 2012]. As shown in Figure 12, two cases are present with
w < 90° (x, > 0) and w > 90° (z, < 0). Note that the shock half width is equal to
the half width of the shock EUV imprint when z, < 0 but they can be different when
x, > 0. Also, Once the shock expands beyond certain solar radii and the shock front
no longer intersects the low corona, 6, in Eq. (6) should be replaced by Ocorona , i-€., the
coronal imprint of the shock wave sweeping material at the base of the streamers at height
> 1.12R,. When a shock expands all the way around the Sun, i.e., becomes a circumsolar
shock, 0.orone reaches its maximum value of 180°.

Figure 13 presents the shock height (left) and speed (middle) at the cobpoints of the

three spacecraft, the half width and maximum 6, (right) as a function of time for the

three events. In the figure, the shock leading-edge heliocentric distance and speed (black
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solid curve) is overplotted along with the shock cobpoint heights and speeds. Vertical
dashed-lines in the plot mark the SEP electron release times for the three spacecraft. The
first row in Figure 13 shows the results for the 2010 August 14 event. For this event, the
shock is best connected with L1 (CA = 4° ) and relatively well connected with STB (CA
= 48° ). The shock height and speed at the L1 (STB) cobpoint is very close to (slightly
lower than) the height and speed in the leading-edge direction. The shock speed at the
L1 cobpoint (red diamonds) increased rapidly to ~ 970 km/s by the Earth (L1) electron
(e-) release time of ~ 10:05 UT, and the speed at the STB cobpoint (green diamonds)
increased to ~ 964 km/s by the STB e- release time of ~ 10:14 UT. The shock speed at
the STA cobpoint (CA = 92° ) (blue diamonds), however, increased much more slowly
and was only ~ 471 km/s by the STA e- release time of ~ 10:46 UT. The polar angles at
the three cobpoints at their SPR times were ~ 10°, ~ 97° and ~ 149°, respectively, and
the shock half width had increased from ~ 49° to ~ 113°. If a direct connection to the
shock front was the source of the first particles, this suggests that the particle acceleration
would have occurred both near the nose and at the flank of the shock even when the shock
flank travelled to the backside of the Sun. The heliocentric distances of cobpoints for L1,
STB and STA at the e- release times were 2.94 Rg, 2.78 Rg and 2.22 Rg, respectively.
For the 2011 November 03 event (Figure 13 second row), the shock is best connected
with STA (CA = 11° ) and the shock speed at STA cobpoint increased to ~ 1036 km/s
by the electron release time of ~ 22:29 UT, which is similar to the L1 cobpoint speed in
the 2010 August 14 event. The shock speeds at STB (CA = 130° ) and L1 (CA = 135°
) cobpoints, however, were relatively small ~ 590 km/s at the e- release time of ~ 23:00

UT, which is slightly larger than the STA cobpoint speed in the 2010 August 14 event.

DRAFT June 30, 2017, 3:52pm DRAFT



XIE ET AL.: COMPARISON ON THREE SEP ACCELERATION X-19

The acceleration of SEPs observed at STA have occurred near the shock nose with 6, =
~ 31°, and the acceleration of SEPs observed at STB and L1 may have occurred at the
backside with 6, = ~ 160° at ~ 23:00 UT. During the initial expanding phase from 22:30
UT to 23:00 UT, the shock half width increased from ~ 41° to ~ 158°, yielding a much
faster expansion speed than the 2010 August 14 event. The shock cobpoint heights at
their electron SPR times were ~ 2.34 R, for STA, ~ 2.13 R, and ~ 1.6 R, for STB and
L1, respectively.

For the 2013 March 05 event (Figure 13 third row), the SEP source is again best
connected with STA (CA = 14° ) and poorly connected with STB (CA = 94° ) and L1
(CA = 152° ). The shock speed at STA cobpoint was ~ 892 km/s around the electron
SPR time of ~ 03:30 UT, which was slightly smaller than that in the 2011 November 3
event, but increased continuously to ~ 1530 km/s by ~ 03:50 UT. The cobpoint height of
2.47 R, at the STA SPR time was in the similar range as those in the other two events.
The acceleration of SEPs observed at STB could have occurred at the backside of the Sun
with 0, of ~ 127° and R,, of ~ 5.22 R, where the CME-shock had evolved to a circumsolar
shock at the STB e- SPR time of ~ 04:30 UT, if we assume a direct shock connection to
be the particle source. By the L1 SPR time of ~ 08:25 UT, the shock has propagated
beyond the COR2 field of view with a leading-edge height of > ~ 0.1 AU, where we are
no longer able to trace the cobpoint R, V,, and 6,.

As shown in Table 4, the electron SPR times are around 4 — 17 min delayed from their
magnetic connection times for most of the SEP events except SEPs observed at L1 and
at STB on 2013 March 05. The proton SPR times are around 15 to 37 min after their

magnetic connection times, again with exceptions for the STB and L1 SEPs on 2013
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March 05. In Table 5, we summarize the height and speed of the shock at the cobpoints
at the SPR times of electrons and protons, respectively. Table 5 columns 3 - 5 list the
shock height at the cobpoints of STA, near-Earth (L1) spacecraft and STB. Columns 6 -
8 list the shock speed of the cobpoints of the three spacecraft and columns 9 - 11 list the
polar angles of the cobpoints of the three spacecraft. Columns 12 - 14 present the shock
half width at the SEP SPR times. From Table 5 we can see that the shock heights at the
cobpoints at proton SPR times are ~ 0.3 to 1.88 R, higher than those at electron release
times, except for the 2013 March 05 SEP at STB. The shock speeds at the cobpoints
at proton SPR times are < 200 km/s larger than those at electron release times except
for the 2011 November 03 SEP at STB and L1, which have similar speeds (< 22 km/s

difference) at both electron and proton release times.

5. Summary and Discussion

5.1. Summary

Using a forward-modeling technique, we fit the FR and spheroid shock model to
STEREO white-light coronagraph and EUV images, SOHO white-light coronagraph and
SDO/AIA EUV images for the three longitudinally widespread SEP events. The forward-
modeling constrained with multi-spacecraft observations allowed us to best determine the
3D shape and location of the shock front, and compute the shock height and speed at the
cobpoint of each observing spacecraft. The main results are summarized below.

1) The SEPs observed at the well-connected spacecraft are shown to be released at a
relatively narrow range of heights from ~ 2.34 R, to 3.43 R, with the shock speeds ranging
from ~ 892 km/s to 1222 km/s for the three events. The SEPs observed at the poorly-

connected spacecraft when the shock acceleration may have occurred at the backside of
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the Sun with 6, > ~ 127° have a much wider release height range from ~ 1.45 R, to
8.06 Rs with the shock speeds ranging from ~ 471 km/s to 1000 km/s. No clear EUV
wave signatures on the disk were seen to reach the magnetic footpoints connecting to the
poorly-connected spacecraft in all the three SEP events.

2) For the 2010 August 14 event, the shock established the magnetic connection to L1,
STB and STA at ~ 1.12 to 1.2 R, around 09:52 UT, 10:01 UT and 10:37 UT, respectively.
The SEP electron and proton release times were around 9 to 29 min delayed from their
magnetic connection times. The shock speeds at the cobpoints of L1 and STB were > 900
km/s and the particle accelerations are suggested to occur near the nose and at flank
of the shock with 6, = 10° and 97°, respectively. Significant electron anisotropies were
observed for both the Wind and STB SEP electrons by Dresing et al. [2014], supporting
the senario that each source of the SEP increases at L1 and STB was a direct connection
to the shock front. The SEPs observed at STA, however, with a small cobpoint shock
speed (~ 471 km/s) and showing no significant anisotropy [Dresing et al., 2014], may be
caused by other mechanisms (see discussion below), such as cross-field diffusion.

3) The shock wave of the 2011 November 03 SEP event had a faster expansion speed
than that of the 2010 August 14 event. The shock magnetic connection times to STA,
STB, and L1 were around 22:17 UT, 22:52 UT and 22:55 UT, respectively. The observed
SEP electron and proton release times at STA, STB and L1 spacecraft were around 4
to 37 min delayed from their magnetic connection times. For this event, the magnetic
connection with both STB and L1 occurred when the shock flank was far backside of the
Sun (6, > 158°). However, the SEP intensities at all three spacecraft show an abrupt

rise and long-lasting anisotropy [Gdmez-Herrero et al., 2015]. Therefore, we find the
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suggestion of Gdmez-Herrero et al. [2015] that the most likely cause of the SEP increases
at all three spacecraft was a direct connection to the shock front reasonable.

4) The 2013 March 05 SEP event had the highest shock leading-edge speed, which is
consistent with the highest STA SEP intensity peak observed among the three events.
For this event, the magnetic connection times for STA, STB, and L1 are 03:18 UT, 03:42
UT and 03:57 UT, respectively. The SEP electron and proton release time at STA was
delayed ~ 11 and 15 min from the magnetic connection time, which is similar to the
other two events. However, the SEP intensities observed by the STB and L1 spacecraft
had a very slow rise with SPR time delays of ~ 1 hr and ~ 5 hr, showing almost no
anisotropy, indicating that the observed SEP increases were likely caused by cross-field

transport and/or other mechanisms.

5.2. Circumsolar Shocks

Uchida [1968] modeled a linear fast-mode magnetohydrodynamics (MHD) wave prop-
agating in the corona. He found that the disturbance moves along rays and curves into
regions of a reduced Alfven speed, resulting in a wave front that should ideally look
spheroid in its geometry. Recently, Afanasyev and Uralov [2011] used non-linear theory
to describe the evolution of a coronal shock wave and indicated that the shock wave front
should also look spheroid-like. However, there is no direct proof that circumsolar shocks
exist in the high corona. Our fitting results indicate that an oblate spheroid model is best
to fit the CME-shock front and EUV wave during its early evolution. Once the shock has
expanded beyond a distance of a few solar radii, the EUV wave will disappear. For such
cases, we fitted the spheroid shock model to coronal siguratures seen in the white-light

images, including wave-like disturbances and deflected streamers. The observed coronal
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imprints can be caused 1) by the similar mechanisms and kinematics as EUV imprints, i.e.,
they are produced when the shock wave sweeps the materials at the base of the streamer
it’s pushing into and 2) by the fast-mode MHD shock wave in the extended corona or
the shock wave followed by blast-type waves that freely propagate behind a piston-shock
driven by the expanding flank of CMEs [e.g. Patsourakos and Vourlidas, 2009; Kwon
et al., 2013; Kwon and Vourlidas, 2017; Liu et al., 2017]. On the other hand, there is
uncertainty in the white-light images whether such coronal imprints are due to projection
effects from overlapping disturbanes at greater heights or they are caused by an actual
backside shock wave that has expanded all the way around the Sun. The spheroid model
assumes that the shock waves can expand all the way around the Sun unless they are
intersecting with the solar surface. Such assumption may bring uncertainties to the shock
fitting results. First, if the shock waves are weak and stop at height greater than 1.12R,
, then 0, in eq. (6) will be < 180° which will result in a delayed magnetic connection
time. For example, for the 2010 August 14 event, if the shock stopped at the streamer
base in COR1 at height of ~ 3.6R, at ~ 10:50 UT (Figure 6h), the shock extent would
be smaller and it would not establish the magetic connection with STA until ~ 11:08 UT.
Second, if the observed coronal wave at the wake of the shock is associated with the freely
propagating blast-type wave, it may become weak quickly and not be able to accelerate
SEPs, especially when CMEs have traveled outward into outer corona, e.g., as shown in
Figure 10 (g)—(i), where the CME shock height had reached ~ 14R;. Recently, Kwon and
Vourlidas [2017] have showed that a CME can drive piston-type shock in the inner corona
due to strong lateral expansion but the flank shock can quickly devolve into blast-type

waves as the CME moves outward. Liu et al. [2017] studied the 2012 July 23 eruption and
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showed evidence of the backward expansion of the shock front into the side of the Sun
opposite to the solar source location and the CME propagation direction. However, they
also suggest that even though the shock at the nose of the CME likely persists far into
the IP space, the shock more likely decays at the wake some time after the expansion in
the lateral direction ceases. Finally, when CMEs propagate in the imhomogeneous ambi-
ent medium with non-symmetric expansion, as shown in Figures 6 (g) and (h) where the
CME-driven shock had much weaker expansion at the southern flank, the spheroid model
can overestimate the shock extent at some position angles. For such cases the circumsolar
shock may not be a correct assumption and may overestimate the actual longitudinal

extent of the shock.

5.3. EUV or Coronal Waves

EUV or coronal waves can be driven by and closely track the lateral expanding flank
of CMEs [Krucker et al., 1999; Rouillard et al., 2012], especially when the expansion
speed is greater than the fast-mode speed (400-500 km/s) of the ambient plasma, thereby
producing quasi-perpendicular shocks that accelerate particles. We would like to note
that recent SDO observations confirm the existence of two EUV waves: a faster wave
ahead of another slower wave [see the review by Chen, 2016]. The faster-propagating
EUV wave most likely is the fast-mode MHD shock, whereas the nature of the slower-
propagating wave is still uncertain. It is also possible that the shock wave that is initially
driven by the laterally expanding flanks of the CME later becomes a freely propagating
disturbance when the CME ceases expanding laterally. As fast and widespread EUV or
coronal waves extend to the foot points of field lines connected to the widely-separated

spacecraft, they may produce longitudinally widely extending SEP events. However, Nitta
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et al. [2013] noted that not all longitudinally wide SEP events are necessarily associated
with EUV waves. They listed other possible processes which might contribute to the
particle longitudinal transport, such as, particle injections from sympathetic flares or
the existing large-scale magnetic loops that might guide SEPs to locations far from the
original solar event [Schrijver et al., 2013]. In addition, Miteva et al. [2014] conducted
a survey for 179 SEP events during Solar Cycle 23 and found that the EIT waves could
not explain the earlier onset of near-reletivistic electrons with weak anisotropy in some
eastern SEP events. They suggested cross-field particle transport due to diffusion or due
to field-line wandering combined with spatially extended shocks to be the source of such

eastern events.

5.4. Cross-field diffusion in the solar wind

Cross-field diffusion in the solar wind is another likely cause for the widespread SEP
events. Giacalone and Jokipii [2012] proposed a diffusive model to explain the interplan-
etary longitudinal transport of energetic ions from impulsive solar flares. With regard to
the interplanetary magnetic field, they found that perpendicular diffusion can reproduce
the recent multi-spacecraft observations [e.g. Wiedenbeck et al., 2013] if a sufficiently large
value of the ratio of the perpendicular and parallel diffusion coefficients, Kper/Kpara, 1S as-
sumed. Drége et al. [2010] used ratio 0.01 in their simulations and found that SEPs at 1
AU spread over azimuthal range of 90°. However, the amount of perpendicular diffusion
of particles is still under debate at present. While single spacecraft observations of sharp
cross-field gradients (dropouts) in the intensity profiles of low-energy ions in impulsive
solar particle events indicated ratios of the order of ~ 107 [e.g. Mazur et al., 2000; Drige

et al., 2010], the modulation of galactic cosmic rays and observations of Jovian electrons
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have suggested a ratio of ~ 1072 [Conlon, 1978]. Recent numerical simulations also sup-
ported larger values of ~ 0.02 to 0.05 [e.g. Matthaeus et al., 2003]. In a recent study, the
SEP profiles at the three spacecraft for the 2010 August 14 SEP event have been repro-
duced by the SEP transport model that includes cross-field diffusion in the IP space, and
suggested that SEPs reached STA mostly via cross-field diffusion [Lario et al., 2017]. On
the other hand, Laitinen et al. [2016] developed a model where field line meandering due
to plasma turbulence facilitates the wide spread of particles across field lines at the early
phase of the event. Only later in the event, the cross-field transport becomes diffusive.
However, Tooprakai et al. [2016] used a different method of full trajectory simulations to
model the cross-field diffusion and found narrower distributions for particles at 1 AU than
Laitinen et al. [2016]. They note that in their simulations the angular extent of field line

meandering is limited by trapping boundaries forming in the turbulence.

5.5. Conclusion

Our fitting results support that the SEPs observed at the three spacecraft on 2011
November 03, STB and L1 on 2010 August 14, and the 2013 March 5 SEP event at
STA are accelerated by a direct connection to the CME-shock, which is consistent with
the significant anisotropies observed at these locations. Cross-field diffusion is the likely
cause for the 2010 August 14 SEP event observed by STA and the 2013 March 05 SEPs
observed by STB and L1 spacecraft, which were characterized by weak anisotropy of the
electrons, resulting from the scattering during the transport across the magnetic field
lines [e.g. Dresing et al., 2012; Qin et al., 2013; Qin and Wang, 2015; Wang et al., 2012].
Otherwise, the wide longitudinal spread of these SEP increases would require an existence

of a circumsolar shock, which may not be a correct assumption in the high corona and
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heliosphere. Further quantitative analyses on combined effects of the spatially extended
shock acceleration with a prolonged duration and cross-diffusion transport are needed in

the future modeling.
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Figure 1. Overview of the three SEP events on August 14, 2010, November 03, 2011,
and March 05, 2013 (from left to right). The locations and magnetic field connections to
the Sun for each spacecraft together with the locations of the SEP solar sources (flares).
The red, blue, and green spots mark the locations of STA, STB, and near-Earth (L1)
spacecraft (i.e., SOHO, ACE and Wind). The colored spirals are the nominal Parker field

lines connecting the spacecraft to the Sun.
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locations. The red vertical dashed lines in the first and second rows mark the onset time

of the associated type III radio burst.

DRAFT June 30, 2017, 3:52pm DRAFT



XIE ET AL.: COMPARISON ON THREE SEP ACCELERATION

(@) STB/SEPT e- Flux

107 [0S0 MY " 1
5| 0020 Mev
< 10”0095 Mev 1
2 0.115 MeV
= 10°10155 Mev A
NZ 10° 8 10M
8/ 103 rf
3
10?
o
03:00 06:00 09:00 12:00 15:00 18:00
Start Time (05-Mar-13 02:01:39)
(d) STB/HET p Flux
100.0000 [14.350 Mev ‘ T
ooy
<~ 10.0000(% ggg Mey 1~
E 58:000 MoV %
> 1.0000 15, 650 mev 1 =
5 38.000 MeV 5
» 0.1000 50000 »
IS €
L 0.0100r =)
= s
000101 {j
00001 Lo,
03:00 06:00 09:00 12:00 15:00
Start Time (05-Mar-13 02:16:15)
(9) STEREO-B SEP
700F S SEpT T85 - 375 kev o
600E (2694170 AU, 04:29+/- 2023 m) |
= © HET 16.00 - 38.0 MeV p
E 500F (6674 1.66 AU, 04:59+/-50.90 m)
£ 400 1
E
@ 300F E
0
c
O 200F E
100 & 4
0 1 2 3 4 5 6 7
Inverse Velocity [beta™]
Figure 4.

p/(cm? s sr MeV)

10.0000 [15.400 eV p
18.900 MeV

0000 33'?88 M% B
L 36.400 MeV N
45.600 MeV 0]
0.1000 12
)
0.0100 - 12
5
0.0010 1S

0.0001

Onset Time [min]

(b) WIND/3DP e- Flux

T T
039 MeV
065 MeV
107 MeV E
180 MeV
307 MeV
513 MeV J

10°
10°

oS5535

10°*
10°
107
10"
10°

04:0008:0012:0016:0020:0000:00
Start Time (05-Mar-13 01:55:54)

(e) SOHO/ERNE p Flux

04:00 08:00 12:00 16:00 20:00
Start Time (05-Mar-13 01:46:47)

(h) SOHO SEP

> WIND/3DP 65 - 307 keV e-
(4.50+/- 1.92 AU, 08:25+/- 27.35 m)

700

600 [© SOHO/ERNE 15 - 36 MeV p ]
(4.03+/-0.32 AU, 08:55+/- 12.36 m)
500} 9
400} 9
3
5

300 . . . . . .

0 1 2 3 4 5 6 7

Inverse Velocity [beta™]

p/(cm? s sr MeV)

100.0000
10,0000/
1.0000
0.1000} ¢
0.0100
00010f ;= /
00001/ T ]

Onset Time [min]

Electron and proton fluxes of the 2013 March 05

tron intensities from STB/SEPT, WIND/3DP and STA/SEPT,

(c) STA/SEPT e- Flux

[
o
=

'0.050 MeV/

0.060 MeV

N
o o o o o
v W & >
% P T

%‘éf {

VR 1

02:00 03:00 04:00 05:00 06:00
Start Time (05-Mar-13 01:51:45)

(f) STA/HET p Flux

02:00 03:00 04:00 05:00 06:00
Start Time (05-Mar-13 01:51:35)

(i) STEREO-A SEP

OSEPT 135 7400 kéVe- '
(1.27+/- 0.55 AU, 03:29+/- 6.64 m)

[OHET-LET 4.25-80.0 MeV p
(1.38+/- 0.01 AU, 03:33+/- 0.58 m)

250

200

150

100

al
o

2 4 6 8 10
Inverse Velocity [beta™]

12

SEP event: (a)-(c) elec-

(d)-(f) proton intensities

from STB/HET, SOHO/ERNE and STA/HET and (g)-(i) the VDA results for the three

locations. The red vertical dashed lines in the first and second rows mark the onset time

of the associated type III radio burst.

DRAFT

June 30, 2017, 3:52pm

DRAFT



XIE ET AL.: COMPARISON ON THREE SEP ACCELERATION X -39

Sun
0
////ﬂ h, ! a X
(0]
b

Figure 5. A schematic of the oblate spheroid model drawn on its symmetry plane (x-z
plane), where hg is the distance of the spheroid center from the solar center O, a and b
are semi-major and semi-minor axes of the ellipse, I, is the heliocentric distance and 0,

is the polar angle from the spheroid center for a given point P on a shock model surface.
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Figure 6. From left to right: views from STB, SOHO, and STA of the CME-shock
structure with the oblate spheroid shock model (red wireframe) and the CME flux rope
model (green wireframe) superimposed on them at three different times during the 2010

August 14 eruption.
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Figure 7. The projection of the fitted shock model on the solar surface plotted as a
series of red circular contours superimposed on a Carrington map of 195 A EUVI images.
The magnetic footpoints of STA, STB and Earth are marked with red, blue, green dots,
along with the location of the CME-shock nose (yellow cross) on 2010 August 14. From
top to bottom panels the shock propagation shown at times of 09:50 UT, 10:00 UT and

10:40 UT, respectively.
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Figure 8. From left to right: views from STB, SOHO, and STA of the CME-shock
structure with the oblate spheroid shock model (red wireframe) and the CME flux rope
model (green wireframe) superimposed on them at three different times during the 2011

November 03 eruption.
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Figure 9. The projection of the fitted shock model on the solar surface plotted as a
series of red circular contours superimposed on a Carrington map of 195 A EUVI images.
The magnetic footpoints of STA, STB and Earth are marked with red, blue, green dots,
along with the location of the CME-shock nose (yellow cross) on 2011 November 03. From
top to bottom panels the shock propagation shown at times of 22:25 UT, 22:40 UT and

22:55 UT, respectively.
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Figure 10. From left to right: views from STB, SOHO, and STA of the CME-shock
structure with the oblate spheroid shock model (red wireframe) and the CME flux rope
model (green wireframe) superimposed on them at three different times during the 2013

March 05 eruption.
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Figure 11. The projection of the fitted shock model on the solar surface plotted as a
series of red circular contours superimposed on a Carrington map of 195 A EUVI images.
The magnetic footpoints of STA, STB and Earth are marked with red, blue, green dots,
along with the location of the CME-shock nose (yellow cross) on 2013 March 5. From top
to bottom panels the shock the shock propagation shown at times of 03:30 UT, 03:55 UT

and 04:54 UT, respectively.
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Figure 12. A schematic of the oblate spheroid model drawn on its symmetry plane (x-z

plane) for shock half width (a) w < 90° and (b) w > 90°.
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Figure 13.  (Left) Heliocentric distance, R,, (middle) shock speed, V, = dR,/dt, at
cobpoints and (right) shock half width w and maximum polar angle 6, as a function of
time. Vertical dashed lines mark the SEP electron release times for near-Earth spacecraft

(red), STB (green), and STA (blue).
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Table 1. Solar Observations for the Three SEP Events

# Date Flare Veme T-111 T-11 CA
Onset  Loc  Vsky/Vspace m-II/DH STB L1 STA
(UT) (km/s)  (UT) (UT) (®)

1 2010/08/14 09:38 NI17W52  1205/1280 09:56 09:52/—— 48 4 -92

2 2011/11/03 20:16 NO9E154  991/1188  22:17 ——/22:35 -130 135 11

3 2013/03/05 03:06 N10E144 1316/1498 03:18 ——/03:30 -94 152 14

Table 2. Spacecraft Locations and Solar Wind Speeds

# Date Flare ~ SC/Loc Vsw
Onset STB STA STB L1 STA
(UT) (°) (km/s)

1 2010/08/14 09:38 E71 W79 332 444 374
2 2011/11/03 20:16 E102 W105 319 348 276
3 2013/03/05 03:06 E140 W131 274 389 349

Table 3. Solar Particle Release Times at the Three Spacecraft

# Date Particle SPR
STB L1 STA
(UT =+ min)

1 2010/08/14 e- 10:14£3.4  10:05£1.6  10:46+30
p 10:22£8.4  10:10£1.8 11:06%36.4

2 2011/11/03 e- 23:09£10.9 22:594+2.4  22:29£1.6
p 23:14£8.6  23:32£20.9 22:38+7.4

3 2013/03/05 e- 04:29420.2 08:25+27.4 03:29£6.6
p 04:59+£59.9 08:556+12.4  03:33£10

Table 4. Time Delays of SPR Times and Magnetic Connection Times at the Three Spacecraft

# Date Particle MCT Time Delay of SPR
STB L1 STA STB L1 STA
(UT) (min)

1 2010/08/14 e- 10:01 09:52 10:37 13 13 9
p 21 18 29

2 2011/11/03 e- 22:52 22:55 22:17 17 4 12
p 22 37 21

3 2013/03/05 e- 03:42 03:57 03:18 47 268 11
p 77 298 15
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Table 5. Height and Speed of the Shock at cobpoints at SEP Release Times

# SEP R, Vo 0, Wnaz
STB/L1/STA STB/L1/STA STB/L1/STA STB/L1/STA

(Rs £ unt) (km/s) (deg) (deg)
Evtl e 2.7840.28 2.9440.13 2.224+1.09 964 970 471 97 10 149 59 49 113
p 3.53+0.77 3.43+0.18 3.62+1.62 1057 1169 528 91 10 142 66 56 155
Evt2 e 2134047 1.454+0.11 2.3440.14 590 591 1036 158 164 31 180 158 41
p 2.4040.37 3.33+0.88 3.28+0.71 586 569 1222 157 158 24 180 180 70
Evt3 e 5.2241.58 — 2.47+0.51 928 — 892 127 — 33 180 — 55
p 8.06+5.04 —— 2.85+0.91 1000 — 994 124 — 31 180 — 67
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